Abstract Steel bars are important engineering materials for structural application. In Nigeria, due to incessant building collapse occurrences, it is important to further investigate some of the mechanical and chemical properties of reinforcing steel bars produced from scrap metals in order to ascertain their compliance with the required standard. Three diameters (10, 12 and 16 mm) of the reinforcing steel bars were chosen from each of the eight steel plants (A-H). Chemical composition analyses and mechanical tests (yield strength, ultimate tensile strength and percentage elongation) were performed using optical emission spectrometer and Instron Satec Series 600DX universal testing machine, respectively. Hardness values of the samples were obtained by conversion of tensile strength based on existing correlation. The results showed that carbon contents, hardness values, yield and ultimate tensile strengths of some of the steel bars were found to be higher than the BS4449, NIS and ASTM A706 standards. The steel bar samples were also found to possess good ductility with samples from steel plants C and D. By observation, all the 12 mm steel bars from steel plants A to H met the required ASTM and BS4449 standards except samples from plant G. This study revealed that most of the investigated reinforcing steel bars have reasonable yield strength, ultimate tensile strength, ductility and hardness properties when compared with the relevant local and international standards. Therefore, they are suitable for structural applications where strength and ductility will be of paramount interest.
Introduction
Steel is regarded as one of the most widely used engineering materials in the world for structural purposes. In both developed and developing world, the steel industry is recognized as one of the most outstanding outlets of industrialization and economic growth [1] . Steel products find applications in building and construction, oil and gas, mining, telecommunication, automobile and many other industries [1] . Steel bars are largely used as reinforcement in concrete for structural support of buildings and other critical constructions [2, 3] . This is due to its good bonding properties with concrete, its closeness in thermal coefficient of expansion with concrete, good weldability for site fabrication, among others [1, 4] . Reinforcing steel bar plays a significant role as construction materials, and thus, its properties must be ascertained before being used for structural support in order to reduce or eliminate the incidences of building and structure failures, which have become more rampant in Nigeria. These failures have usually resulted in loss of lives and properties, thereby making regular examination and characterization of steel bars used as reinforcement in concrete even more important. Currently, most of the reinforcing steel bars used in the construction industries in Nigeria are produced majorly from scraps. Several researchers [2, [5] [6] [7] [8] [9] [10] have investigated causes of collapse of building in Nigeria, and some have worked on improving the mechanical properties of the reinforcing steel bars through heat treatment [11] [12] [13] . One of the major causes reported is that the structural properties of some of the reinforcing steel bars used in the actual constructions do not conform to relevant standards. In addition, it was revealed that qualified engineers are often not involved in the construction work [5] .
In order to reduce or avert further loss of lives and properties associated with building collapses and structural failures, chemical composition analyses and mechanical properties of steel bars produced from scrap metals needed to be investigated. Therefore, in this study, the chemical and mechanical properties of reinforcing steel bars locally produced from scraps in Nigeria were investigated and compared with relevant local and international standards to ascertain their suitability for structural/construction purposes.
Materials and Methods

Materials
This research work was carried out in December 2016-July 2018 at Lagos and Ilorin Nigeria. Reinforcing steel bar samples locally produced from eight different steel plants were obtained from local steel markets in Lagos State, Nigeria. The bars were identified using Standard Organization of Nigeria (SON) identification and classification marks [14] . Three diameters (10, 12 and 16 mm) of the reinforcing steel bars were selected from each of the eight steel plants making the total number of samples used for the study to be twenty-four. The samples were each coded based on the steel plant (A, B, C-H) and samples diameter, R (10, 12 and 16 mm). For example, samples from plant A were identified as A 1 R 10 , A 2 R 12 and A 3 R 16 , where A 1 , A 2 , A 3 and R 10 , R 12 , R 16 , represent the samples plant name and diameters, respectively. The subscript stands for the sample number and diameter of the sample, respectively. Similar approach was used for the identification of samples from other steel plants.
Chemical Composition
The chemical analysis was carried out using an optical emission spectrometer (LMF06, serial number 15007384). The 16-mm-diameter samples were prepared to fit into the 15-mm-diameter standard orifice of tungsten carbide disk to be mounted on the machine. However, the smaller diameters (10 and 12 mm samples) were incorporated into tungsten carbide disks equipped with 10-and 12-mm-diameter holes. The samples were ground and then polished to produce a smooth and flattened surface that was free of contaminants before being mounted on the machine. The test was performed in accordance with the specifications prescribed by NIS [15] . The average elemental percentage by weight (wt.%) of the samples was displayed on a monitor connected to the equipment.
Tensile Test
Each test sample was neatly cut into three specimens of 300 mm each for the three samples sizes as shown in Fig. 1 . The test was conducted using an Instron Satec Series 600DX universal tensile test machine with capacity of 600 kN. The specimen was mounted on the tensile test machine and subjected to continuous tensile loading at the rate of 10 mm/min to the point of fracture. For better reliability of the results, the test was repeated three times and the mean values were recorded. The average percentage elongation was determined by fitting the two ends of the fractured samples together.
Evaluation of Hardness
The hardness properties of the test samples were obtained by linear interpolations from standard strength-hardness conversion table [16] . The reported data are the mean of the different tests and analyses.
Results and Discussion
Elemental Composition
The carbon (C), manganese (Mn), silicon (Si), chromium (Cr) and other major residual elemental constituents of the samples from different steel plants are presented in Tables 1, 2 (Table 1) . From Tables 1, 2 and 3, the 10 mm test samples have higher carbon content than 16 and 12 mm samples. The sulfur (S) and phosphorus (P) contents of 16 mm samples are in the range of 0.03-0.07% and 0. 01-0.03%, respectively, as displayed in Table 1 . Table 2 shows that the S and P content of the 12 mm samples are in the range of 0.01-0.08% and 0.01-0.05%, respectively. The S and P contents of 10 mm samples are in the range of 0.007-0.18% and 0.0006-0.04%, respectively ( Table 3 ). The reinforcing bars from steel plant D have the highest Mn contents for 16 mm (1.34%), 12 mm (1.52%) and 10 mm (1.51%) samples. Tables 1, 2 and 3 show that there are thirty-one (31) elements all together in the reinforcing steel bars of various diameters.
Mechanical Testing
The yield and ultimate tensile strengths for the reinforcing steel bars of varying diameters from different steel plants Figure 7 shows the percentage elongation of all the reinforcing steel bars of different diameters. The percentage elongation varied from 12 to 31.33% for the steel bars.
The hardness values of all the reinforcing steel bars of different diameters from various steel bars are presented in Fig. 8 . The hardness values varied from 11.59 to 18.89 HRC for all the steel bars from different plants.
Effects of Elemental Composition on the Properties
The carbon contents of the 16, 12 and 10 mm steel bars in this study indicate that they are either low-or mediumcarbon steel according to the classification of Roberts and Reza [17] . Compared to various standards, the samples from different plants did not have consistent carbon content as shown in Figs. 2, 3 and 4. This variation in carbon contents of samples from the same steel plants revealed the detrimental effects of using scraps for the production of steel products though there might have been measures taken to control carbon content. Carbon is one of the major determinants of mechanical properties of steel products; thus, its variation may imply discrepancies in strength and ductility of the steel sample [18] . The sulfur and phosphorus contents which are the major deleterious elements in reinforcing steel bars are generally within the proximity of the recommended standards as shown in Table 4 . The various deleterious and residual elements present in 16 mm reinforcing steel bar in the present study were compared Major elements are given in bold with the report of previous studies [19, 20] and standards and are presented in Table 4 . The manganese content of some of the investigated reinforcing steel bars are also lower than the recommended standards. This is as a result of high amount of sulfur present in the samples. Manganese nullifies the negative effect of sulfur in steel if present in the right proportion to form MnS as against the undesirable FeS which is a brittle compound that affect the mechanical properties of reinforcing steel bars negatively. The phosphorus contents of the 16 mm reinforcing steel bars for all the steel plants are lower than the recommended standard (Table 4) ; thus, the steel samples displayed good ductility properties [21] . Despite all the inconsistency in the phosphorus and sulfur contents of the samples, the yield and tensile strength of the majority of the samples still met the required minimum standard for the samples to be used as reinforcement materials. This may be as a result of the combined effects of other residual elements such as manganese and silicon which are good deoxidizers in steel and therefore improves mechanical properties [4, 22] . The contributory effects of chromium, copper and nickel alongside the carbon content could also account for the strengths that met the various standards [18] .
Yield Strength and Ultimate Tensile Strength Correlation with Standards
The stress at which deformation changes from elastic to plastic is the yield point which gives the yield strength [21] . The yield strength of reinforcing steel bars that can be used for structural and construction applications was benchmarked at 415, 500 and 420 MPa by ASTM A706 [24] , BS4449 [23] and NIS 117 [14] , respectively. Reinforcing steel bars from plants A, D, G (16 and 12 mm) and PS present study BS4449 [23] . Reinforcing steel bars from other plants (varying diameters) have lower yield strength compared to the standards as shown in Fig. 5 . The reason for this pattern cannot be ascertain due to the presence of numerous residual elements which is a major disadvantage of using scraps as the key raw material for the production of reinforcing steel bars [5, 7, 18] . The UTS which is the maximum load reinforcing steel bars can withstand before fracture for the reinforcing steel bars varied from each other as shown in Fig. 6 . The NIS 117 [14] , BS4449 [23] and ASTM A706 [24] standards recommended that the UTS of reinforcing steel bars should surpass 500, 600 and 590 MPa, respectively. All the steel bar samples from various plants met this requirement except 16-mm-diameter sample from steel plant C with UTS of 456.82 MPa, which is below the required standards. It is generally observed that there are a lot of differences in the mechanical properties and chemical compositions of steel bar samples from the same plant. Reinforcing steel bars from steel plants C and D have similar percentage elongation at all the diameters as against various variations from samples from other steel plants. It implies that they possess similar ductile nature. The percentage elongation of the steel bars in the present study competes favorably with previous studies as shown in Table 5 . It can be observed that they are higher than what was reported by Adeleke and Odusote [7] for reinforcing steel bars that does not meet required standards. Insufficient ductility of reinforcing steel bars has direct influence on the ductility of reinforcement concrete structural members [25] . Figure 7 shows that all the reinforcing steel bars have sufficient ductility to resist unfavorable distribution of plastic deformations and premature tensile fracture and buckling under use.
Hardness and Percentage Elongation
Hardness is the resistance of materials to abrasion [21] .
Hardness of the 16 mm reinforcing steel samples from steel plants C and E does not meet any of the required ASTM (15.46 HRC) and BS4449 (13.48 HRC) standards as shown in Fig. 8 . Conversely, all the 12 mm steel bars from steel plants A to H meet the required ASTM and BS4449 standards. However, only the reinforcing steel bars from steel plant G does not meet the required standards among the 10-mm-diameter bars. Table 5 shows the hardness value (HRC) of the steel bars in the present study compared to some results from previous studies [5, 7, 26] . The hardness value of a typical steel bar diameter (16 mm) is far lower than the results obtained by Alabi and Onyeji [5] ; and Adeleke and Odusote [7] . Alabi and Onyeji [5] reported that the high hardness value was due to high carbon content in the studied samples and recommended that reinforcing steel bar must have high hardness value to be effective in construction and structural applications. When the hardness value is lower than recommended standards, the performance in service will be definitely affected. Another notable pattern in the hardness values of the reinforcing steel bars from the same and different steel plants varied from one another. This could also be due to various contributions of the residual and deleterious elements present when scraps are used as major source of raw material for steel production. Apeh [27] also reported that most of the steel bars made from scraps sold in FCT, Abuja market, were mild steel claimed to be high-yield steel even though the chemical properties did not meet required BS 4449 standard. It was also stated that only 19% of the steel bars analyzed met required percentage elongation. Variations in the chemical, percentage elongation, hardness and tensile strengths of steel bars produced from scraps (ST44-2 and ST66-2) were also reported by Buliaminu [28] . Meanwhile, investigated steel bars manufactured from billet in Pakistan were reported by Rafi et al. [29] . The chemical composition met required ASTM standard, while it was observed that some did not meet required standard for yield strength. It thus implied that, regardless of the raw materials used for the production of steel bars, there is a possibility of variation in its chemical and mechanical properties. Therefore, based on the findings of this study, it is recommended that reinforcing steel bars produced from scraps and billets should be thoroughly tested before application at various construction sites to ascertain their quality in order to avoid further loss of lives. Researchers can further look into the means of reduction of various residual elements that impacts negative properties of the steel bars produced from scraps. 
Conclusions
The chemical and mechanical properties of reinforcing steel bars from local steel plants have been investigated. The chemical analyses showed that there are thirty-one (31) major, residual and deleterious elements present in the reinforcing steel bars. Variations in carbon contents as well as manganese, silicon, sulfur and phosphorus had varying impacts on the mechanical properties of the reinforcing bars. The outcome of the investigation also revealed that some of the samples have yield strength that surpasses the recommended standard specifications and can be useful for structural/construction purposes. In conclusion, most of the steel bars met all the standards in terms of yield strength, ultimate tensile strength ductility and hardness values and can thus be used for structural applications. Fig. 8 Hardness value of the reinforcing steel bar samples compared with some standards
